Since 1972 the prevalence of smoking in Britain has been measured regularly as part of the General Household Survey. In the first year of the survey, 52% of men and 41% of women in Britain were regular cigarette smokers. The prevalence of smoking then declined progressively in both sexes resulting in a prevalence of 28% for men and 26% for women (Royal College Physicians 2000), a prevalence and sex pattern that is consistent with findings from other countries (Mortality Morbidity Weekly Report 2000a,b; Health Canada 1999). However, in the younger age groups smoking prevalence has in fact been stable, or increasing, in recent years, particularly in females. Thus, for some time, females have accounted for the majority of young smokers entering the smoking population (Royal College of Physicians 2000; Seguire and Chalmers 2000) . In a longitudinal cohort study in New Zealand, Stanton et al. (1996) found a major increase in the incidence of smoking between ages 15 and 18, with significantly more girls (35.4%) than boys (27.5%) smoking daily. This early sex difference in smoking is important, since studies have shown that the early initiation of smoking results in NO . 4 more daily consumption of cigarettes, and decreases the probability of quitting smoking (Chen and Millar 1998; Nelson et al. 1995; Pierce and Gilpin 1996) . This is particularly alarming since women seem to be at even greater risk than men for smoking related diseases including lung cancer (Zang and Wynder 1996) and myocardial infarction (Prescott et al. 1998) . Pregnancy disorders and reproductive diseases related to the use of tobacco pose an additional cause for concern (Seguire and Chalmers 2000).
Since 1972 the prevalence of smoking in Britain has been measured regularly as part of the General Household Survey. In the first year of the survey, 52% of men and 41% of women in Britain were regular cigarette smokers. The prevalence of smoking then declined progressively in both sexes resulting in a prevalence of 28% for men and 26% for women (Royal College Physicians 2000) , a prevalence and sex pattern that is consistent with findings from other countries (Mortality Morbidity Weekly Report 2000a,b; Health Canada 1999) . However, in the younger age groups smoking prevalence has in fact been stable, or increasing, in recent years, particularly in females. Thus, for some time, females have accounted for the majority of young smokers entering the smoking population (Royal College of Physicians 2000; Seguire and Chalmers 2000) . In a longitudinal cohort study in New Zealand, Stanton et al. (1996) found a major increase in the incidence of smoking between ages 15 and 18, with significantly more girls (35.4%) than boys (27.5%) smoking daily. This early sex difference in smoking is important, since studies have shown that the early initiation of smoking results in more daily consumption of cigarettes, and decreases the probability of quitting smoking (Chen and Millar 1998; Nelson et al. 1995; Pierce and Gilpin 1996) . This is particularly alarming since women seem to be at even greater risk than men for smoking related diseases including lung cancer (Zang and Wynder 1996) and myocardial infarction (Prescott et al. 1998) . Pregnancy disorders and reproductive diseases related to the use of tobacco pose an additional cause for concern (Seguire and Chalmers 2000) .
It has been assumed that the major factor leading to the onset of regular smoking is the rewarding effect of nicotine, but there may be important sex differences, with males showing greater sensitivity to these effects than females ). Smokers as a reason for their smoking frequently cite a calming or anxietyreducing effect and this is particularly prevalent among teenage girls (Crisp et al. 1999 ). This sex difference may explain why the anxiolytic drug, clonidine, was effective in promoting smoking cessation in women, but not men (Glassman et al. 1998) . During early adolescence, females may be unusually vulnerable to stress, perceiving events to be more stressful than at other ages and than as perceived by males (Spear 2000) , and they are more likely than males to smoke to relieve negative withdrawal symptoms (Stanton 1995) . Sex differences in the response to nicotine after stress have also been found in non-smoking students. Under conditions of stress, while nicotine enhanced anxiety and aggression in males, it had calming effects in females (File et al. 2001) .
Sex differences in response to nicotine have been found in animal studies. In a self-administration paradigm, Donny et al. (2000) found the motivation to obtain nicotine was higher in female than in male rats and, in a drug discrimination paradigm, acute nicotine produced greater anxiety-like behavior in male than in female rats (Jung et al. 2000) . Bimodal effects of nicotine in animal tests of anxiety are now well recognized. Although nicotine has been reported to have anxiolytic effects in several animal tests (Brioni et al. 1993; Cao et al. 1993; Costall et al. 1989; Vale and Green 1986) , anxiogenic effects have also been documented (Morrison 1969; Ouagazzal et al. 1999; Jung et al. 2000) . In the social interaction test of anxiety, the effects of nicotine in adult rats were shown to be dose-dependent, with low doses having anxiolytic effects and high doses having anxiogenic effect (File et al. 1998) . In adult male rats, the stress of social isolation increased sensitivity to both nicotine's anxiolytic and anxiogenic effects (Cheeta et al. 2001a) .
Whereas numerous studies have explored the consequences of fetal or adult nicotine exposure, basic research is notable for the lack of attention to the effects of nicotine exposure during adolescence, the developmental period during which regular cigarette use typically begins. The periadolescent period in rats occurs around days 29-42, and is a period of intense socialization and rapid neural development (Spear and Brake 1983) . Initial investigations with a rat model of adolescent nicotine exposure have demonstrated that this is a vulnerable developmental period for nicotine-induced brain cell damage (Trauth et al. 2000a ). Sex differences were also found at this age in withdrawal responses to nicotine with females, but not males, showing decreased locomotor activity and rearing (Trauth et al. 2000b) . The purpose of the present study was to determine whether there were sex differences in the response to nicotine of adolescent rats in the social interaction test of anxiety, and whether these were modified by social isolation.
This social interaction test of anxiety has been validated extensively in adult male rats (File and Hyde 1978; File 1980) and is also suitable for use with adolescent males and females (File and Tucker 1984a; File 1987) . In this test the dependent variable is the time spent in social interaction by pairs of rats. Specific increases in social interaction are indicative of an anxiolytic effect and decreases indicate an anxiogenic response. The light level and familiarity of the test arena can be varied in order to modify the level of anxiety generated by the test. A moderate level of anxiety is generated by testing in a brightly lit arena, with which the rats have been familiarized. This is the test condition selected for this experiment, since it has proved sensitive to both the anxiolytic and the anxiogenic effects of nicotine (File et al. 1998; Irvine et al. 1999 ).
MATERIALS AND METHODS

Animals
A total of 300 Lister hooded rats (150 males and 150 females; Harlan Olac, Bicester, UK) aged 28 days were housed either in isolation or in the same sex social groups of five for seven days prior to the start of the behavioral testing. The rats were tested between 35-39 days of age. Isolation housed rats were housed singly in a cage 45cm ϫ 28cm ϫ 20cm high. The group-housed cages were 56cm ϫ 38cm ϫ 20cm high. All cages were in racks that allowed rats to see, hear and smell other rats. Food and water were freely available to all the animals. The room in which the animals were housed was lit with dim light and maintained at 22 Њ C. Lights were on from 7 A . M . to 7 P . M . The experimental procedures carried out in this study were in compliance with the UK Animals (Scientific Procedures) Act 1986 (Home Office Project Licence Number 70/4041)
Apparatus
The social interaction test arena was a wooden box 60cm ϫ 60cm, with 35cm walls, and was lit by high light (300 lux). A camera was mounted vertically above the arena and the rats were observed on a monitor in an adjacent room. The time spent in social interaction (sniffing, following, grooming the partner, boxing and wrestling) provided the measure of anxiety and was scored by an observer who was blind to the drug treatment. The interruption of infrared beams from photocells mounted in the walls 3.5cm from the floor provided an automated measure for locomotor activity (for details see File and Hyde 1978; File 1980 File , 1997 .
Drug
(-)-Nicotine hydrogen tartrate (Sigma, Poole, UK) was dissolved in distilled water, and the doses of nicotine were calculated as the base. All drug injections were given subcutaneously (s.c.) in a volume of 1 ml/kg body weight. Control animals received equal volume injections of distilled water. The animals were tested 30 min after injection.
Procedure
Each rat was placed individually, undrugged, in the test arena for a 5-min familiarization trial on the day prior to the social interaction test. Rats were allocated to test partners on the basis of weight, so they did not differ by more than 10g. For the group-housed rats, the test partner was always taken from a different cage and both were always of the same sex. After testing the rats were returned to their home cages, so that grouphoused animals always remained in a group of at least four. Seventy-four pairs of singly-housed (37 males and 37 females) and 76 pairs of group-housed rats (38 males and 38 females) were randomly allocated among the five drug groups: vehicle, or (-)-nicotine 0.05, 0.1, 0.25 or 0.5 mg/kg. Both members of a pair received the same dose of nicotine on the test day and 30 min after injection they were placed in the center of the test arena. Their behavior was scored for 4.5 min from a monitor in the adjacent room, by an observer with no knowledge of the drug treatment. The rats were tested between 9 A . M . and 1 P . M . The social interaction scores that were analyzed were the total times spent interacting by both members of the pair of rats (i.e. a single score for each pair of rats). This is because the behavior of one rat cannot be considered to be independent of its partner's behavior. At the end of the trial any feces were removed and the arena wiped with a damp cloth.
Statistics
The data for the dose-response to nicotine were analyzed by a three factor analysis of variance (Factor 1, housing; Factor 2, sex; Factor 3, drug treatment). After the analysis of variance, comparisons between individual groups were made with Fisher's post-hoc test and it is the significances of these that are shown in figure 1.
RESULTS
The adolescent rats housed in isolation spent significantly more time in social interaction than did those that were housed in social groups [F(1,130) ϭ 540.82, p Ͻ .00001; upper panel in Figure 1 ]. The effects of nicotine depend on the combination of sex and housing conditions [housing X sex X drug interaction, F(4,130) ϭ 28.98, p Ͻ .00001]. Thus, in the socially isolated rats, the lowest doses of nicotine (0.05 and 0.1 mg/kg) significantly increased social interaction in females, while a similar anxiolytic † p Ͻ .05 socially isolated males compared with its own vehicle control. effect was evident in males only at a higher dose (0.25 mg/kg). In comparison, in the adolescent rats housed in social groups, a significant increase in social interaction was seen only in females and only at the lowest nicotine dose (0.05 mg/kg), and no effect was seen in males.
As can be seen from Figure 1 (lower panel), adolescent rats housed in isolation had higher motor activity than the adolescent rats housed in social groups [F(1,130) ϭ 168.58, p Ͻ .00001], and female adolescent rats had higher motor activity than male adolescents [F(1,130) ϭ 53.44, p Ͻ .00001]. The effect of nicotine was dependent on housing [drug ϫ housing interaction, F(4,130) ϭ 2.6, p Ͻ .05], and also on sex [drug ϫ sex interaction, F(4,130) ϭ 3.7, p Ͻ .01], and it can be seen from the lower panel of Figure 1 that the greatest sensitivity to the sedative effects of nicotine was shown by the socially isolated adolescent male rats.
DISCUSSION
The increased social interaction in the socially isolated adolescent rats confirmed earlier findings on the effects of social isolation during adulthood (File and Pope 1974; Niesink and Van Ree 1982; Varlinskaya et al. 1999; Cheeta et al. 2001a ). This increased interaction is the main reason for routinely using singly-housed rats in this test. However, the social interaction test has been used in group-housed rats (Jones et al. 1988; Dunn et al. 1991; Costall et al. 1993) and it is possible to detect anxiolytic effects of benzodiazepines in both housing conditions (File and Hyde 1978; File 1980; Dunn et al. 1991; Gardner and Guy 1984) . The anxiolytic effect of nicotine can also be detected in group-housed and socially isolated adult male rats, but it was manifested at a much wider dose-range in the socially isolated adult male rats (Cheeta et al. 2001a) . The results of the present experiment show that the effect of the housing conditions was even more marked in adolescent rats. In the grouphoused rats, no anxiolytic effects of nicotine were detected in the adolescent males, and the effect was manifest at only one dose in the adolescent females. This is perhaps surprising, since in general it is easier to detect increases in behavior when baseline scores are low (e.g. Crawley and Davis 1982). Rate-dependent effects of nicotine have been detected in a wide range of behaviors, including its reinforcing effects (Perkins 1999) . Thus, it would seem to be the stress, or some other effect, of social isolation, rather than the baseline scores per se, that was enhancing the anxiolytic effects of nicotine in this test. The socially isolated rats had higher locomotor activity scores than did the group-housed rats and a ratedependent effect of nicotine could explain the locomotor depressant effect that was detected only in the socially isolated animals. However, it cannot explain why this was detected only in the socially isolated males.
In both male and female adolescent rats, nicotine increased social interaction, without increasing locomotor activity, thus indicating specific anxiolytic effects. However, there was a 5-fold sex difference in the lowest dose required to significantly enhance social interaction. While in male adolescent rats an anxiolytic effect was seen with a dose of 0.25mg/kg nicotine, in the females it was evident with the lower dose of 0.05mg/kg. The enhanced sensitivity in the adolescent female rats to the anxiolytic effects of nicotine is similar to the sex difference previously found in students (File et al. 2001) . However, the significant drug sex interaction indicated that, overall, male adolescent rats were more sensitive than the females to the locomotor depressant effect of nicotine. A similar sex difference has also been found in adult mice (Hatchell and Collins 1980), but was not found in adult rats (Kanyt et al. 1999) . Male adult rats trained to a pentylenetetrazol cue showed greater response than females to the anxiogenic and sedative discriminative effects of a high dose of nicotine (Jung et al. 2000) . Male adult rats were more sensitive than females to the discriminative effects of a nicotine cue (Schecter and Rosecrans 1971) , which is thought to be linked to its reinforcing effect and the same sex difference was found for men and women (Perkins 1999) . It is therefore possible that males are more sensitive to the effects of high doses of nicotine and females are more sensitive to the effects of low doses. Alternatively, the data indicate that, whereas males are more sensitive to the reinforcing effects of nicotine, females are more sensitive to its anxiolytic effects.
In the present study the anxiolytic effect of nicotine was not found to be dose-dependent, but rather present at single or multiple doses in both the male and female adolescent rats. The lack of dose-dependency of nicotine's effects in the social interaction test of anxiety has also previously been reported in adult male rats (File et al. 1998; Cheeta et al. 2001a) . Furthermore, the anxiolytic effects of nicotine in the fear-potentiated startle and the elevated plus maze are not dose-dependent (Vale and Green 1996; Brioni et al. 1993 ). However, dose-dependent anxiolytic effects of nicotine have been reported in mice in the light-dark crossing test (Costall et al. 1989) , and the mirrored chamber (Cao et al. 1993) . These findings raise the possibility of species differences in the effects of nicotine as well as differences that depend on the particular animal test of anxiety. Since different animal tests are thought to measure different underlying states of anxiety (File 1992) , the effects of nicotine in the present study cannot necessarily be generalized to other animal tests of anxiety. The results of the present study are most likely to be pertinent to generalized anxiety disorder, since this is the disorder most closely modelled by the social interaction test. While the period of adolescence is known to overlap with puberty, unlike puberty it is not characterized by distinct neuroendocrinological changes (Spear 2000) . It is therefore unlikely that the sex differences in response to nicotine in adolescent rats are due to hormonal differences, and more likely that they result from the neural alterations that occur in the brain during adolescence.
The fact that the sex differences in response to nicotine vary according to the effect under investigation is not surprising, since different neurotransmitters and different brain regions mediate the different effects of nicotine. Thus, the anxiolytic effect of low doses of nicotine is mediated by nicotine stimulating the release of 5-HT, which then acts on somatodendritic 5-HT 1A autoreceptors in the dorsal raphe nucleus (Cheeta et al. 2001b) . Interestingly, there are sex differences in response to 5-HT 1A receptor agonists, with female rats showing greater sensitivity to their anxiolytic effects (Blanchard et al. 1992) . The anxiogenic effects of nicotine are mediated by stimulation of postsynaptic 5-HT 1A receptors in limbic regions, such as the dorsal hippocampus and lateral septum (Kenny et al. 2000; Cheeta et al. 2000) . The rewarding effects of nicotine are thought to be mediated by enhanced dopamine release in the nucleus accumbens (DiChiara and Imperato 1988). It would therefore be of great interest to determine whether sex differences can be detected to the effects of nicotine directly administered into these brain areas.
This study also raises the possibility that adolescent males are less sensitive to the effects of nicotine than are adult males. Although a direct comparison was not made in this experiment, in a study immediately preceding this one anxiolytic effects of nicotine were evident in adult male rats in the dose range of 0.05-0.1 mg/kg (File et al. 1998; Cheeta et al. 2001a) , whereas in the adolescent males an anxiolytic effect of nicotine was not seen until a dose of 0.25mg/kg. A similar lack of sensitivity in the adolescents may also occur with respect to the anxiogenic effect of nicotine, which was observed in adult rats at 0.5 mg/kg (File et al. 1998; Cheeta et al. 2001a ), but was not seen in the present study on adolescents. Finally, the adolescent males appeared less sensitive to the locomotor depressant effects of nicotine, which reached significance at 0.25 mg/kg in adult males (Cheeta et al. 2001a ) but only at 0.5 mg/kg in the adolescent males. A direct age-comparison study is needed to confirm these possible age differences. Adolescent rats have also been shown to be less sensitive to the anxiolytic effects of diazepam in the social interaction test (Primus and Kellogg 1990) and, in general, adolescence is a period of reduced sensitivity to psychostimulant drugs (Spear 2000) . We are unable to make similar comparisons between female adolescent and adult animals, because of concerns that the social interaction test may not be valid in adult females because they do not show an increase in social interaction with familiarization (Johnston and File 1991) . This is likely to be because social interaction serves very different functions in the adult male and female. However, both adolescent male and female rats do respond with increases in social interaction to familiarity with the test arena and thus the test seems valid for both sexes at this age (File and Tucker, 1984b) . In the present study following nicotine administration, the adolescent females showed a behavioral profile which was very similar to one previously reported in the adult male rats (File et al. 1998; Cheeta et al. 2001a) . In group-housed rats, the anxiolytic effects of nicotine were only evident at single doses in both adult males and adolescent female rats. Furthermore, in singly-housed rats the anxiolytic effects of nicotine were present over a much wide dose-range in both these groups. However, anxiogenic effects of nicotine are reported in singly-housed adult male rats (File et al. 1998; Cheeta et al. 2001a) , and this finding contrasts with the present observations in the adolescent females. Nevertheless, these findings raise the interesting possibility that the sex differences observed in the present study may result from differential rates of development between the sexes, with female adolescent rats behaving in a similar way to adult male rats.
In conclusion, these findings suggest that there are important differences in the effects of nicotine on adolescent male and female rats. This reinforces the earlier suggestion (Pomerleau et al. 1991 ) that nicotine may have different effect on women than men. This is particularly pertinent when considering the effects of pharmacological agents to treat smoking. Nicotine replacement therapies are less successful in women than in men (Killen et al. 1990; Fortmann and Killen 1994; Kabat and Wynder 1987) and it would be interesting to determine whether treatments that have anxiolytic or antidepressant effects are more effective in women than in men. The results with the clonidine trial (Glassman et al. 1988) suggest that they might be, although there appears to be no sex difference in the response to bupropion (Hurt et al. 1997; Jorenby et al. 1999) . There is high comorbidity of anxiety, depression and substance abuse in both men and women. However, whereas in men substance abuse disorders tend to precede mental disorders, in women the mental disorders are primary (Kessler and Wittchen 1999) . This has considerable implications both for the initiation of smoking and for its cessation. 
